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Abstract 
Eukaryotic cells embrace a variety of membrane-bound organelles with distinct 
functions, which rely on specific sets of proteins and lipids. Membrane trafficking is 
responsible for the specific localization of proteins in respective compartments. RAB 
GTPases regulate tethering and fusion of transport vesicles to target membranes in 
membrane trafficking by acting as molecular switches, cycling between GDP- and 
GTP-bound states. The multifunctional vacuole is the largest organelle in plant cells, 
and many proteins are transported to and stored in this organelle; thus, the vacuole has 
great physiological and agronomical importance. RAB5 and RAB7 are evolutionarily 
conserved subfamilies of RAB GTPase, whose animal and yeast counterparts regulate 
the vacuolar/endosomal trafficking in a sequential manner. In animal cells, RAB5 has 
been shown to perform various functions in the endocytic pathway, including the 
regulation of endosomal fusion and motility. RAB5-mediated endosomal trafficking has 
also been found to play important roles in various higher-order plant functions, which 
include the regulation of the polar transport of auxin and responses to environmental 
conditions. The regulatory mechanisms and functions of plant RAB5 have also been 
investigated at the molecular and cellular levels. However, the significance of RAB5 
activity at the tissue and organ levels has hardly been investigated thus far. In Chapter 1, 
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I examined the effect of a mutation in VPS9a, which encodes the sole guanine 
nucleotide exchange factor (GEF) for all RAB5s in the vegetative stages of Arabidopsis 
thaliana. I found that multiple developmental processes were impaired in the mutant 
plants, including the growth and pattern formation of the roots and establishment of 
auxin maxima. My results indicate that RAB5 plays distinctive pivotal roles in the 
development of plants. In Chapter 2, I demonstrate that multiple vacuolar trafficking 
pathways operate in plants, which are distinctly regulated by RAB5 and RAB7. 
Functional analyses of an activating complex for RAB7 indicated that this complex is 
responsible for maturation from RAB5- to RAB7-positive endosomes, which suggested 
that plants are also equipped with the vacuolar trafficking pathway involving both 
RAB5 and RAB7. However, I also found that impairment of RAB5- and 
RAB7-dependent pathways differentially affected the transport of distinctive cargos, 
indicating that these machinery components are recruited to a more complex trafficking 
network in plants. These results indicate that plants have developed a complex vacuolar 
transport system distinct from that of non-plant systems by assigning evolutionarily 
conserved machineries to unique trafficking pathways, which provide a fundamental 
basis for plant development at the cellular and higher-ordered levels. 
 
  
4 
 
General Introduction 
Eukaryotic cells contain a variety of membrane-bound organelles, which fulfill 
distinct functions through their specific protein contents. Membrane trafficking enables 
the proteins to localize on specific compartments. For example, plant vacuoles have 
multiple functions including the storage of nutrients and increase of cell volume, which 
rely on proteins in or on vacuoles such as seed storage proteins and aquaporins. 
Transport of proteins to the target organelles consists of following steps: budding of 
transport vesicles from a donor compartment, delivery of the transport vesicles, and 
tethering and fusion of the vesicles to a target compartment. RAB GTPase is a key 
regulator of the last step. RAB GTPase acts as a molecular switch by cycling between 
the active GTP-bound and inactive GDP-bound states. For activation of RAB GTPase, 
GDP on RAB GTPase must be replaced by GTP. This reaction is mediated by the 
specific guanine nucleotide exchange factor (GEF). Arabidopsis thaliana harbors 57 
RAB GTPases, which are divided into eight subgroups (Saito and Ueda 2009). RAB5 
and RAB7 subgroups are considered to act in endocytic and vacuolar transport 
pathways. The RAB5 group in land plants are further divided into two groups; in 
addition to the RAB5 orthologs, plants harbor the plant-specific type of RAB5, the 
ARA6 group (Ebine and Ueda 2009, Ueda et al. 2004, Ueda et al. 2001). There are 
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three RAB5-related proteins encoded in the A. thaliana genome: ARA7 and RHA1 (also 
known as RABF2b and RABF2a, respectively), conventional RAB5s, and ARA6 (also 
known as RABF1), the plant-unique RAB5. Recently, it was demonstrated that ARA6 
acts in a different trafficking pathway than conventional RAB5 members; ARA6 
regulates the trafficking pathway from endosomes to the plasma membrane, whereas 
conventional RAB5s function in the transport to vacuoles in endocytic and vacuolar 
trafficking pathways (Ebine et al. 2011). Despite the distinct functions of conventional 
and plant-unique RAB5 GTPases, these two groups share the common activator, VPS9a 
in A. thaliana (Goh et al. 2007). 
The functions of RAB5 groups have been elucidated at the molecular and 
cellular levels. However, detailed analyses of the RAB5 functions at the tissue and 
organ levels have not yet been performed. In Chapter 1, I examined the phenotypes of 
the vps9a-2 mutant, a weak allele of the RAB5 GEF, and demonstrated that RAB5 
activation is required for multiple steps of root development including cell division, cell 
elongation, cell morphogenesis, radial patterning of the root cell layers, and positioning 
of the auxin maxima in A. thaliana. 
Regarding A. thaliana RAB7, its functions at the cellular level still remain 
elusive. In animal cells, the trafficking pathway from the early to late endosome is 
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regulated by a sequential action of RAB5 and RAB7, which is mediated by VPS39, a 
subunit of the HOPS complex (Rink et al. 2005) and the GEF for RAB7 consisting of 
SAND1/Mon1 and CCZ1a (Bohdanowicz and Grinstein 2010). The sequential 
interaction of these proteins and RAB GTPases is responsible for the maturation from 
early to late endosomal compartments (Kinchen and Ravichandran 2010, Poteryaev et al. 
2010). Conversely, it is not clear how the vacuolar trafficking pathway is mediated by 
RAB5 and RAB7 in plant cells. In Chapter 2, I investigated involvement of RAB5 and 
RAB7 in vacuolar transport of some soluble and membrane proteins in A. thaliana. My 
research revealed that A. thaliana is equipped with the vacuolar trafficking pathway 
involving the sequential action of RAB5 and RAB7, and also harbors a unique 
trafficking pathway to the vacuole, which is independent of RAB7. 
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Chapter 1 
 
RAB5 Activation is Required for Multiple Steps  
in Arabidopsis thaliana Root Development  
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Introduction 
Recent studies of endosomal trafficking in plants have demonstrated its critical 
roles in various plant functions. For example, a guanine nucleotide exchange factor 
(GEF) for ARF GTPase, GNOM, is responsible for the endocytic recycling of an auxin 
efflux carrier, PIN1, which is essential for proper polar localization of PIN1 (Geldner et 
al. 2003). Endosomal trafficking has also been shown to be involved in responses to 
extracellular stimuli. The boron transporter BOR1 is internalized by endocytosis under 
high boron conditions for homeostasis of the plant nutrients (Takano et al. 2005). FLS2, 
an LRR receptor-like kinase that mediates defenses against bacterial pathogens, 
undergoes ligand-induced endocytosis (Beck et al. 2012, Robatzek et al. 2006). The 
endosomal system also plays essential roles in the biosynthetic trafficking pathway to 
the vacuole, which is also crucial for plant development (De Marcos Lousa et al. 2012, 
Mo et al. 2006, Rojo et al. 2001). It has been also shown that a plant-specific RAB5 
GTPase, ARA6, is required for normal salinity stress tolerance (Ebine et al. 2011). Thus, 
endosomal trafficking plays fundamental roles in various functions of plants. 
RAB GTPases are key molecules in the regulation of the tethering and/or 
fusion steps of transport vesicles to target membranes. Among RAB GTPases, animal 
RAB5 has been shown to perform various functions in the endocytic pathway, which 
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includes the regulation of homotypic early endosomal fusion, endosomal motility, and 
endosomal signaling (Grosshans et al. 2006). RAB5 is one of the conserved RAB 
GTPases that are predicted to exist in the common ancestor of all eukaryotic cells (Field 
et al. 2007, Pereira-Leal 2008), and all plant genomes that have been sequenced harbor 
RAB5 orthologs; the unicellular red alga Cyanidioschyzon merolae is the only exception 
(Matsuzaki et al. 2004). Specific secondary loss of the RAB5-related machinery is 
suggested in this organism. In addition to the RAB5 orthologs, plants harbor another 
type of RAB5, the ARA6 group (Ebine and Ueda 2009, Ueda et al. 2004, Ueda et al. 
2001). Three RAB5-related proteins are encoded in the Arabidopsis thaliana genome: 
ARA7 and RHA1 (also known as RABF2b and RABF2a, respectively), conventional 
RAB5s, and ARA6 (also known as RABF1), the plant-unique RAB5. Recently, ARA6 
was shown to act in a different trafficking pathway than conventional RAB5 members; 
ARA6 regulates the trafficking pathway from endosomes to the plasma membrane by 
mediating the assembly of a distinctive SNARE complex at the plasma membrane, 
whereas conventional RAB5s function in the transport to vacuoles in endocytic and 
vacuolar transport pathways (Ebine et al. 2011).  
RAB GTPases act as a molecular switch by cycling between the active 
GTP-bound and inactive GDP-bound states; GDP must be replaced by GTP to activate 
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RAB proteins. This reaction is mediated by the specific GEF. Despite the distinct 
functions of conventional and plant-unique RAB5 GTPases, these two groups share the 
same upstream regulator. A. thaliana VPS9a, which consists of the conserved VPS9a 
domain that catalyzes nucleotide exchange (Goh et al. 2007, Uejima et al. 2010, Uejima 
et al. 2013) and the plant-specific C-terminal domain, is responsible for nucleotide 
exchange on both conventional and plant-unique RAB5 proteins. The A. thaliana 
genome contains another gene encoding a VPS9 domain-containing protein, VPS9b, but 
VPS9b expression is not detected in vegetative tissues. Thus, VPS9a is practically the 
sole GEF for RAB5s in vegetative developmental stages in A. thaliana (Goh et al. 
2007). Both ARA7 and ARA6 mislocalized in the cytosol of a null mutant of VPS9a, 
vps9a-1 (Goh et al. 2007), like GDP-fixed mutants of ARA7 and ARA6 (Ebine and 
Ueda, unpublished result). Thus, two different RAB5 groups are regulated by the same 
activating factor in plants. In contrast, several distinct RAB5 GEFs function in different 
trafficking steps in the endocytic pathway in animal cells, which harbor only 
conventional RAB5. The difference in the upstream regulatory systems of RAB5 
between plants and animals strongly suggests that plants and animals followed distinct 
evolutionary paths for modifying their RAB5-mediated trafficking pathways. 
As mentioned above, the functions of RAB5 groups have been investigated 
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intensively at the molecular and cellular levels. However, detailed analyses of the 
significance of RAB5 function at the tissue and organ levels have not yet been 
performed, mainly because of a lack of a suitable experimental system for studying the 
tissue- or organ-level effects of the perturbation of RAB5 functions. All three RAB5 
single mutants, ara7, rha1, and ara6, exhibit the indistinguishable phenotypes of 
wild-type plants, and the double mutant ara7rha1 exhibits gametophytic lethality. The 
complete loss of function of VPS9a and over-expression of dominant negative ARA7 
have also been shown to result in embryonic lethality (Dhonukshe et al. 2008, Goh et al. 
2007). To overcome this problem, I used the vps9a-2 mutant, a weak mutant allele that 
exhibits leaky phenotypes in multiple developmental stages, including root development 
(Goh et al. 2007). Using vps9a-2 mutant plants, I examined the physiological 
significance of RAB5 activation in plant development. My results indicate that proper 
activation of RAB5 is required in various aspects of plant development, including cell 
division, cell elongation, cell morphogenesis, radial patterning of the root cell layers, 
and positioning of the auxin maxima in A. thaliana. 
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Results 
 
Proper activation of RAB5 is required for root apical meristem activity and cell 
elongation in root development 
It was previously shown that the vps9a-2 mutant is defective in root 
development; the length of mutant roots was significantly shorter than that of wild-type 
roots (Goh et al. 2007). This phenotype could be accounted for by defective cell 
division in the root apical meristem (RAM) of mutant roots and/or impaired cell 
elongation. To verify these possibilities, I first observed the boundary between the 
division and elongation zones of the mutant roots, and found that the meristem region of 
the mutant root was smaller than that of the wild-type (Figure 1a,b). Next, I examined 
the expression of cyc1At::GUS, which is expressed in the G2/M phase transition and 
used as a marker of mitotic cells (Ferreira et al. 1994), in the root tips of wild-type and 
vps9a-2 mutant plants. The number of GUS-stained cells in the mutant root tips was 
substantially lower than that of wild-type roots (Figure 1c, d). These results indicate that 
RAB5 activation is required for maintaining RAM activity. 
I also examined whether the vps9a-2 mutation exerted a deleterious effect on 
cell elongation. Because the root epidermal cells of the mutant were swollen and 
exfoliated from each other, making it difficult to measure their precise length (Figure 2), 
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I compared the length of endodermal cells at the boundary between the elongation and 
differentiation zones in wild-type and mutant plants. The length of mutant endodermal 
cells was significantly shorter than the length of wild-type endodermal cells (n = 20 
roots; P <0.01, Student’s t test; Figure 1e-g), indicating defective cell elongation in the 
mutant plants. Thus, proper activation of RAB5 is required for controlling both RAM 
activity and cell elongation in the A. thaliana root. 
 
RAB5 activation is required for suppressing cell division in root cell layers 
The root tips of young A. thaliana seedlings have four concentric cell layers 
outside the stele: the outermost lateral root cap, epidermis, cortex, and innermost 
endodermis. In wild-type A. thaliana, each of these tissues consists of a single cell layer 
(Figure 3a) (Benfey and Scheres 2000). In contrast, young vps9a-2 seedlings exhibited 
four or more layers surrounding the stele (Figure 3b). The vps9a-2 mutation also 
affected the cell number in each of these cell layers; the number of cells comprising 
endodermis, cortex, and epidermis of the vps9a-2 roots were increased compared with 
the wild-type plant (Figure 3b). To determine the identity of the extra cell layers in the 
vps9a-2 mutant, I introduced pEn7::YFPH2B or pCo2::YFPH2B into the mutant. 
pEn7::YFPH2B is highly expressed in the endodermal cells, and pCo2::YFPH2B is used as 
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a reporter of cortical cells (Figure 3c-f) (Heidstra et al. 2004). Observation of the roots 
transformed with these markers revealed that the increase in cell layers in mutant roots 
was caused by periclinal divisions of endodermal cells (Figure 3g,h). The outer daughter 
cells of divided endodermal cells also gradually lost endodermal identity, acquiring 
cortical identity (Figure 3i,j). The periclinal divisions and shift in identity have also 
been reported to occur in mature wild-type roots (Paquette and Benfey 2005), resulting 
in middle cortex formation. I quantified the middle cortex formation in 3-day-old roots, 
which indicated that the frequency of middle cortex formation is significantly elevated 
in the vps9a-2 mutant compared to the wild-type (n = 3 experiments, 10 roots per 
experiment; P <0.05, Student’s t test; Figure 3k). I also observed that some of the inner 
daughter cells in mutant roots further divided periclinally (Figure 4). These results 
indicate that VPS9a is required to repress middle cortex formation at the premature 
stage in root development. It has been shown that middle cortex formation is under 
regulation of a plant hormone, gibberellin (Paquette and Benfey 2005). To examine the 
relationship between VPS9a and gibberellin in middle cortex formation, I then 
examined the effect of a gibberellin biosynthesis inhibitor, paclobutrazol (PAC), on 
periclinal division in roots of the vps9a-2 mutant. By PAC treatment, frequency of 
middle cortex formation was significantly elevated in wild-type roots (n = 3 
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experiments, 10 roots per experiment; P <0.05, Student’s t test; Figure 3k) as reported 
previously (Paquette and Benfey 2005). In contrast, significant difference in the rate of 
periclinal division was not observed between PAC-treated and untreated roots of the 
vps9a-2 mutant (Figure 3k). This result may indicate that VPS9a regulates periclinal 
division of the root in the genetic framework that also involves gibberellin biosynthesis 
or gibberellin signaling. 
 
Expression patterns of SHR and SCR were affected by vps9a-2 
Similar abnormalities in the root radial patterning as what was observed in 
vps9a-2 roots have been observed when SHORT-ROOT (SHR) is over-expressed or 
ectopically expressed or SCARECROW (SCR) expression is decreased (Cui et al. 2007, 
Helariutta et al. 2000, Nakajima et al. 2001, Sena et al. 2004). Therefore, I examined 
whether the expression patterns of these genes are somehow affected in the primary 
roots of the vps9a-2 mutant using reporter genes pSHR::GFP and pSCR::GFP. In 
wild-type plants transformed with pSHR::GFP, fluorescence was observed only in the 
stele, as reported previously (Figure 5a) (Helariutta et al. 2000). In the vps9a-2 mutant, 
SHR expression expanded to the quiescent center (QC) and columella stem cells (CSC) 
in addition to the stele (Figure 5b). When expressing pSCR::GFP, I detected 
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fluorescence in all cells constituting the endodermis, QC, and cortical endodermal initial 
(CEI), as reported previously (Figure 5c) (Wysocka-Diller et al. 2000). However, in the 
vps9a-2 mutant, loss of pSCR::GFP expression was observed frequently in QC and CEI 
(Figure 5d). I also observed that a part of the endodermal tissue in vps9a-2 roots did not 
express pSCR::GFP (Figure 6). Thus, proper RAB5 activation is required for the 
establishment of SHR and SCR expression patterns in the root stem cell niche, and 
aberrations can result in abnormal radial patterning of the roots. 
 
RAB5 activation is not required for QC identity 
The abnormal SHR and SCR expression patterns in QC implied that the identity 
of QC cells was partly compromised and that they acquired some of the characteristics 
of the stele in vps9a-2 because the stele in wild-type roots expressed SHR but not SCR. 
To verify this possibility, I investigated whether three QC identity markers, 
pWOX5::GFP, QC46::GUS, and QC184::GUS, were properly expressed in the vps9a-2 
mutant (Sabatini et al. 1999, Sarkar et al. 2007). Unexpectedly, I did not see any 
difference in the patterns of GFP fluorescence and GUS staining between wild-type and 
mutant roots (Figure 5e-j). Next, I examined the expression of pVND3::YFP-nuc, a 
marker expressed in the procambium tissue (Kubo et al. 2005), in the vps9a-2 mutant. I 
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did not observe YFP fluorescence in the QC cells of vps9a-2 plants, which strongly 
suggests that the QC did not bear the procambial character (Figure 7). These results 
indicate that the QC in the mutant plants acquired its appropriate identity, at least partly, 
but it lacked SCR expression and ectopically expressed SHR. 
 
Positioning of the auxin response maxima depends on RAB5 activation 
To further characterize the QC in vps9a-2 plants, I examined the auxin 
responsive pattern in mutant roots. The auxin response maxima in roots are reported to 
be located at the QC, which is required for specification of the QC identity (Blilou et al. 
2005, Sabatini et al. 1999, Ulmasov et al. 1997). Using the pDR5::GFP reporter gene, I 
monitored the distribution of the auxin response in vps9a-2 plants exhibiting abnormal 
expression patterns of SHR and SCR around the QC. As previously reported, the highest 
pDR5::GFP expression was observed at the QC in wild-type plants (Figure 8a). In 
vps9a-2 plants, the auxin response maxima shifted downwards to the root caps (Figure 
8b-d). This result indicates that RAB5 activation is required for positioning the auxin 
response maxima. I also noticed that the pattern of the auxin response in the stele was 
changed in vps9a-2 plants. In the stele of the wild-type root, GFP fluorescence was 
apparent in all cells of the protoxylem and metaxylem cell layers above the QC cells. In 
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contrast, GFP fluorescence was absent in parts of the protoxylem and metaxylem cell 
files in vps9a-2 plants (Figure 10). Thus, the auxin response was broadly disrupted in 
vps9a-2 mutant roots, indicating important roles of RAB5 in determining and/or 
maintaining the auxin response maxima in roots, similar to the case in developing 
embryos (Dhonukshe et al. 2008). 
 
RAB5 activation is required for the transport of PIN2 into the vacuole 
Modulation of the auxin distribution is mediated by PIN proteins, some of 
which localize to the plasma membrane with clear polarity (Blilou et al. 2005). 
Impaired positioning of the auxin response maximum in the mutant raised the 
possibility that the vps9a-2 mutation also affects the expression or localization of PIN 
proteins. To verify this possibility, I examined the expression pattern and localization of 
PIN2-GFP, the expression of which was driven by its own promoter. Though the 
expression pattern in vps9a-2 plants was indistinguishable from that of the wild-type, 
PIN2-GFP on the plasma membrane was less polarized in the mutant, and localization 
on punctate compartments was also evident (Figure 10a,c). Next, I examined the 
degradative transport of PIN2-GFP to the vacuole. GFP is degraded in the vacuole of A. 
thaliana and not observable under light, but under dark conditions GFP is not degraded 
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and fluorescence is detectable (Tamura et al. 2003), which allows the degradative 
transport of PIN2-GFP to the vacuole to be monitored (Kleine-Vehn et al. 2008). In 
wild-type plants, accumulation of fluorescence from GFP was observed under dark 
conditions, reflecting the normal transport of PIN2-GFP to the vacuole. However, in the 
roots of vps9a-2 plants, fluorescence was not observed in vacuoles (Figure 10d). Thus, 
the activity of VPS9a is required for both polar localization and transport of the PIN2 
protein to vacuoles. 
 
RAB5 activation is responsible for the expression and localization of PIN3 and 
PIN4 
In the vps9a-2 mutant, the auxin response maximum shifted towards the root 
cap. This phenotype reminded me of the phenotype of the triple mutant pin3 pin4 pin7 
(Grieneisen et al. 2007). Therefore, I examined whether the vps9a-2 mutation affects 
functions of PIN3 and PIN4 by monitoring their expression and intracellular 
localization in mutant plants. In the wild-type plants, PIN3 expression was detected in 
tiers two and three of columella cells (Figure 11a) (Blilou et al. 2005), whereas PIN3 
was detected in tiers one and two in the vps9a-2 mutant (Figure 11c). For PIN4, 
expression was confined to tiers one and two of the columella cell layers in wild-type 
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(Figure 11b) (Friml et al. 2002a), and only the first tier of columella cells in vps9a-2 
roots (Figure 11d). Moreover, PIN4 expression was decreased in QC cells and the first 
tier in the mutant roots (Figure 11d). No clear difference was observed in the polarized 
localization of PIN3. On the other hand, the polarity of PIN4 in QC cells was 
compromised in vps9a-2 roots (Figure 11d). These data indicate that RAB5 activation is 
required for proper cell-specific expression of PIN3 and PIN4 and the expression level 
and polarized localization of PIN4 in the columella root cap. 
 
VPS9a is also required for morphogenesis of pavement cells 
My findings indicate that auxin-related functions are affected by the vps9a-2 
mutation. Finally, I examined whether aerial parts of the mutant plants also exhibit 
auxin-related phenotypes. Recently, auxin has been reported to regulate the 
morphogenesis of leaf pavement cells through ABP1 and ROP GTPase (Sauer and 
Kleine-Vehn 2011). Therefore, I examined whether the vps9a-2 mutation also affects 
the shape of pavement cells. The pavement cells of wild-type leaves exhibited an 
interlocking jigsaw puzzle-shaped pattern (Figure 12a), but some pavement cells in the 
mutant plants exhibited a flatter, elongated shape with less interdigitation (Figure 12b). 
The quantitative analysis (Xu et al. 2010) also demonstrated that the number of lobes 
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per unit in pavement cells in vps9a-2 was significantly lower than that in wild type (n = 
15 cells; P <0.01, Student’s t test; Figure 12c). This finding suggests that the vps9a-2 
mutation exerted broad effects on root and leaf development, some of which could be 
attributable to mislocalization of auxin transport and/or signaling molecules. 
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Discussion 
In this study, I demonstrated that proper RAB5 activation is required for RAM 
activity, cell elongation, and radial patterning in A. thaliana roots. I also showed that 
subcellular trafficking, localization, and/or expression of PIN proteins are affected by 
the vps9a-2 mutation. In a consistent manner with the pleiotropic phenotypes, the 
publicly available database (Brady et al. 2007) indicated that VPS9a is expressed 
ubiquitously in the root of A. thaliana (figure 13; 
http://bbc.botany.utoronto.ca/efp/cgi-bin/ 
efpWeb.cgi?dataSource=Root&modeInput=Absolute&primaryGene=AT3G19770). 
Mutations that affect the auxin response, auxin-dependent gene expression, and 
localization of auxin transporters have been reported to compromise both cell division 
and cell expansion in A. thaliana roots (Aida et al. 2004, Blilou et al. 2005, Lincoln et 
al. 1990). Thus, the defects observed in the maintenance of RAM and cell elongation in 
vps9a-2 roots might be attributable to aberrant auxin distribution at the QC, columella, 
and/or stele cells. On the other hand, another plant hormone, gibberellin, is also known 
to control meristem activity and endodermal cell expansion (Achard et al. 2009, 
Ubeda-Tomas et al. 2009). Moreover, gibberellin is reported to be involved in middle 
cortex formation (Paquette and Benfey 2005). Given that premature middle cortex 
formation is one of the prominent phenotypes of the vps9a-2 mutant, RAB5 activation 
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may also take part in root development through the gibberellin signaling pathway. This 
notion was further supported by the result that PAC treatment did not enhance the effect 
of the vps9a-2 mutation on middle cortex formation. VPS9a is also involved in 
regulation of the cell number in each cell layer, while the relevance between this 
phenotype and gibberellin is unclear. 
The defective function of RAB5 in endocytic trafficking could also account for 
the meristematic phenotype observed in vps9a-2 plants. Recent studies have shown that 
a well-known LRR receptor-like kinase, CLAVATA1 (CLV1), which plays crucial roles 
in the maintenance of the shoot apical meristem, is transported from the plasma 
membrane to the vacuole upon binding a small peptide hormone, CLV3, in a 
VTI11-dependent manner (Nimchuk et al. 2011). This vacuolar traffic is required for 
CLV3-dependent degradation of CLV1 to attenuate CLV signaling. VTI11 is a Qb-type 
soluble N-ethylmaleimide-sensitive-factor attachment protein receptor (Qb-SNARE) 
that mediates membrane fusion with a cognate Qa-SNARE SYP22 in vacuolar transport 
(Ebine et al. 2008, Sanmartin et al. 2007). It is also demonstrated that conventional 
RAB5 and SYP22 cooperatively act in endocytic and vacuolar trafficking pathways 
(Ebine et al. 2011). Considering this with my finding that VPS9a is responsible for the 
transport of plasma membrane protein PIN2 to the vacuole, my results suggest that 
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VPS9a is required to modulate peptide hormone signaling via control of the 
endocytic/vacuolar trafficking pathways, which are responsible for the maintenance of 
RAM activity. 
The SHR gene is transcribed in the stele, and translated SHR proteins move 
from the stele to the endodermis, CEI, and QC cells, where SHR induces the expression 
of SCR (Cui et al. 2007, Helariutta et al. 2000, Nakajima et al. 2001). These processes 
are essential for the formation and specification of endodermal and cortical cell layers in 
roots. In mature roots, endodermal cells further divide periclinally to form the middle 
cortex, which is also dependent on SHR, whereas middle cortex formation is inhibited 
by SCR (Paquette and Benfey 2005). In vps9a-2 plants, periclinal division of 
endodermal cells is observed frequently in young seedlings, whereas such division was 
rarely observed in wild-type plants at the same developmental stage. The increase in 
endodermal cell division in young vps9a-2 roots might be the result of decreased SCR 
expression in the endodermis, CEI, and/or QC; reduced expression of SCR has been 
reported to result in extra division of the endodermal cell layer (Cui et al. 2007, Welch 
et al. 2007). A mutation in SCR has also been reported to cause a decrease in the 
expression of SCR itself in the CEI and QC, which indicates that SCR expression in the 
QC and ground tissue stem cells is auto-regulated (Sabatini et al. 2003). Thus, my 
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results may suggest that efficient activation of RAB5 is required not only for 
maintaining the expression area of SHR, but also for auto-regulatory induction of SCR 
in the QC and CEI cells. Therefore, RAB5 activation seems to be deeply involved in the 
proper maintenance of the root stem cell niche through two transcription factors, SHR 
and SCR, which play crucial roles in root development.  
Recently, SHR INTERACTING EMBRYONIC LETHAL (SIEL) was isolated 
as an SHR-interacting molecule and localized on endosomes (Koizumi et al. 2011). The 
function and/or endosomal localization of SIEL may depend on VPS9a function, 
because VPS9a and RAB5 are essential regulators of endosomal trafficking. 
Another remarkable phenotypic abnormality observed in the QC of vps9a-2 
plants is the absence of an auxin response maximum at the QC due to the downward 
shift of the maximum to the columella cells. This aberrant distribution of auxin could be 
caused by perturbed distribution, trafficking, and expression patterns of PIN proteins. In 
vps9a-2 roots, the localization of PIN2 on the plasma membrane was less polarized. The 
loss of PIN2 polarity could be due to impaired transport of PIN2 to the vacuole, because 
proper transport of PIN proteins to the vacuole has been reported to be required for their 
polar localization (Dhonukshe et al. 2008, Jaillais et al. 2007, Shirakawa et al. 2009, 
Spitzer et al. 2009). In addition to PIN2, PIN3 and PIN4 also play pivotal roles in auxin 
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distribution in A. thaliana roots (Friml et al. 2002a, Friml et al. 2002b). The expression 
of PIN4 was decreased and its polar localization in the QC compromised in the mutant 
roots, whereas the localization of PIN3 was not affected. The decreased expression of 
PIN4 might be the result of a decreased auxin response at QC cells in mutant roots, 
because expression of PIN4 is up-regulated by auxin treatment (Vieten et al. 2005). 
These results could indicate that the subcellular localization of PIN3 is regulated by a 
different mechanism than PIN2 and PIN4.  
Despite the abnormal distribution of auxin, the specification of QC identity did 
not appear to be affected severely, as all QC markers I examined were expressed 
properly in vps9a-2 roots. On the other hand, expression of SHR and SCR was altered in 
this mutant; SHR is not expressed in the QC of wild-type plants but was frequently 
expressed in the QC of vps9a-2 plants, and SCR was not detected in the mutant though 
it is expressed in the QC and CEI of wild-type plants. Because direct indications of 
auxin-dependent SHR and SCR expression have not yet been presented, the aberrant 
distribution of auxin in the vps9a-2 mutant did not likely cause alterations in the 
expression patterns of SHR and SCR directly. My results may indicate that specification 
of the QC identity is incomplete in the vps9a-2 mutant because of an absence of the 
auxin response maximum at the QC (Blilou et al. 2005, Sabatini et al. 1999), which 
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indirectly results in aberrant expression of SHR and SCR. 
In addition to the crucial roles of RAB5 activation in root development, I also 
showed that RAB5 activation is required for the proper development of leaf pavement 
cells (Figure 12). Thus, the RAB5-dependent trafficking pathway is responsible for 
various developmental processes in A. thaliana at the tissue and organ levels. Future 
molecular and cellular studies of the regulatory mechanisms of the RAB5-dependent 
trafficking pathway in combination with analyses of developmental and higher-order 
functions will uncover the mechanisms underlying the network connecting endosomal 
trafficking mediated by RAB5 and various plant functions and developmental 
processes. 
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Material and Methods 
 
Plant materials and growth conditions 
The A. thaliana vps9a-2 mutant (Columbia accession) was described 
previously (Goh et al. 2007). The transgenic plants expressing reporter proteins were 
described elsewhere: cyc1At::GUS was kindly provided by Gorou Horiguchi (Ferreira et 
al. 1994), pEn7::YFPH2B and pCo2::YFPH2B were from Renze Heidstra (Heidstra et al. 
2004), pSHR::GFP and pSCR::GFP were gifts from Philip Benfey (Helariutta et al. 
2000, Wysocka-Diller et al. 2000), pWOX5::GFP was from Thomas Laux (Sarkar et al. 
2007), QC46::GUS and QC184::GUS were from Ben Scheres (Sabatini et al. 1999), 
pDR5::GFP was from Jiri Friml (Friml et al. 2003), and pVND3::YFP-nuc was 
provided by Masatoshi Yamaguchi and Taku Demura (Kubo et al. 2005). The Columbia 
(Col) accession was used as the wild-type. The vps9a-2 mutant plants were crossed with 
cyc1At::GUS, pEn7::YFPH2B, pCo2::YFPH2B, pSHR::GFP, pSCR::GFP, pWOX5::GFP, 
QC46::GUS, QC184::GUS, or pDR5::GFP reporter lines, and F2 plants with the 
homozygous vps9a-2 mutation and homozygous or heterozygous reporter gene were 
used for analyses. 
Seeds were sterilized in 1% sodium hypochlorite and 0.1% Triton X-100, 
rinsed with sterile distilled water three times, and sown on Murashige & Skoog medium 
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(pH 6.3) supplemented with 2% sucrose, 0.3% Gellan gum, and 1×Gamborg’s vitamins. 
The plants were incubated for 2 days at 4°C in the dark, and cultivated at 23°C under 
continuous light.  
 
GUS staining 
Seedlings were incubated in acetone at -20°C and then incubated in staining 
solution (100 mM sodium phosphate buffer pH 7.0, 10 mM EDTA, 0.5 mM potassium 
ferricyanide, 0.5 mM potassium ferrocyanide, 0.1% Triton X-100, and 0.5 mg/ml 
X-glucuronide) at 37°C for 1 or 2 hr. Samples were washed with distilled water and 
then mounted in a clearing solution (8 g chloral hydrate in 1 ml glycerol and 2 ml water) 
on glass microscope slides.  
 
PI staining 
Root tips were stained with 20 mg/ml propidium iodide (PI) solution and 
observed using a LSM710 confocal laser-scanning microscope (Carl Zeiss). 
 
Paclobutrazol treatment 
For PAC treatment, wild-type and vps9a-2 mutant plants were sown and grown 
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on MS plantes containing 0 nM or 5 nM paclobutrazol (purchased from Wako Pure 
Chemical Industries). 
. 
Immunostaining 
Whole-mount immunolocalization of PIN proteins was performed using roots 
from 5 to 7-day-old seedlings as described previously (Friml et al. 2002a, Friml et al. 
2002b, Muller et al. 1998, Paciorek et al. 2005) and observed under a LSM710 confocal 
laser-scanning microscope (Carl Zeiss). 
 
Microscopic Observation of Leaf pavement cells 
The third true leaves from 2-week-old seedlings were incubated in a clearing 
solution (8 g chloral hydrate in 1 ml glycerol and 2 ml water) until the tissues became 
transparent. The abaxial side of the leaves was observed under a light microscope 
(BX60; Olympus) equipped with a CCD camera (DP73; Olympus). 
 
Accession Numbers 
The Arabidopsis Genome Initiative locus identifiers for the genes mentioned in 
this article are At3g19770 (VPS9a), At5g45130 (ARA7), At5g45130 (RHA1), 
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At3g54840 (ARA6), At4g27490 (cyc1At), At4g28100 (En7), At1g62500 (Co2), 
At4g37650 (SHR), At3g54220 (SCR), At3g11250 (WOX5), At5g66300 (VND3), 
Atg57090 (PIN2), At1g70940 (PIN3) and At2g01420 (PIN4). 
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in each cell layer of the vps9a-2 mutant was also larger than that of wild-type. Brackets 
indicate the stele. St, stele; En, endodermis; Co, cortex; Epi, epidermis; and LRC, lateral 
root cap. (c-f) Confocal images showing the expression pattern of pEn7::YFPH2B (c,d) 
and pCo2::YFPH2B (e,f) in WT roots. (g-j) Confocal images showing the expression 
pattern of pEn7::YFPH2B (g,h) and pCo2::YFPH2B (i,j) in vps9a-2 roots. Some of the 
outer daughter cells in (g) and (h) retained their endodermal identity after periclinal 
division (arrowheads), whereas others lost the identity (arrow). The outer daughter cells 
in (i) and (j) that acquired a cortical identity are indicated by arrowheads. Scale bar = 10 
µm. (k) Frequency of middle cortex formation in untreated WT (43±15%), WT treated 
with 5 nM paclobutrazol (PAC, 77±6%), untreated vps9a-2 (87±6%), and vps9a-2 
treated with 5 nM PAC (84±6%) roots 3 DAG. The results are provided as means ± SD. 
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Chapter 2 
 
Plant vacuolar trafficking occurs through distinctly 
regulated pathways 
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This chapter cannot be published online because it is in submission.
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General Discussion 
In this study, I demonstrated significant roles of RAB5 activation at the tissue 
and organ levels. Some of the phenotypes such as defects in cell division, cell 
elongation, and morphogenesis could be caused by abnormal auxin distribution, which 
could be attributed to failure in transport and localization of PIN proteins to the target 
membranes. Thus, this study indicated the critical function of RAB5 in auxin-related 
developmental processes at cellular, tissue, and organ levels, which are related with 
each other. However, it still remains unknown how RAB5 activation is involved in SHR 
and SCR expression, which regulate root radial patterning. Analysis of SIEL in vps9a-2 
might reveal the molecular and cellular functions of RAB5 in ectopic periclinal division 
of the endodermis. Further detailed observation of the vps9a-2 mutant could also lead to 
discovery of abnormalities other than those described above; analyses of such novel 
phenotypes are expected to result in finding of novel RAB5 functions at the molecular 
and cellular levels. It would be also effective to screen and analyze downstream effector 
molecules to reveal molecular and cellular functions of RAB5. Indeed, other members 
of my laboratory have discovered novel interesting proteins of conventional and 
plant-unique RAB5 members. VPS9a is a common activator for conventional and 
plant-specific RAB5 members. Conventional RAB5 regulates the vacuolar trafficking 
pathway, and plant-unique ARA6 regulates the pathway from endosomes to the plasma 
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membrane (Ebine et al. 2011). However, it also remains unclear which type of RAB5 
takes part in localization of PIN and expression of SHR and SCR. Another interesting 
question is whether PIN4 localization on the plasma membrane, which is disturbed in 
the vps9a-2 mutant, is regulated by ARA6, which regulates the trafficking pathway to 
the plasma membrane. PIN2 protein is likely transported to the vacuole by the action of 
conventional RAB5.  
Regulation of vacuolar trafficking by RAB5 was further characterized in the 
Chapter 2, together with the function of RAB7. This study showed that A. thaliana has a 
unique trafficking route that is RAB5-dependent but independent of RAB7 in addition 
to the common vacuolar trafficking pathway where RAB5 and RAB7 act in a sequential 
manner. Seed storage proteins were indicated to be transported by the latter pathway, 
and SYP22, a SNARE protein, is transported via the former pathway. Furthermore, the 
analysis of VAMP713, another SNARE protein, raised two possibilities for the other 
vacuolar trafficking pathway. A. thaliana may have another pathway, which is not 
dependent on RAB5 or RAB7. Otherwise, VAMP713 may be able to reach the vacuolar 
membrane if either RAB5 or RAB7 is functional. Regarding the first possibility, it 
would be an interesting question to ask which RAB GTPase is responsible for this 
trafficking pathway. To verify the second possibility, the analysis of the triple mutant, 
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vps9a-2 ccz1a ccz1b, could be helpful. Another important question is which 
intermediate compartments are responsible for vacuolar transport of proteins analyzed 
in this study. It is widely investigated recently whether vacuolar proteins are delivered 
through the Golgi, trans-Golgi network, and endosomes in plants (Rojas-Pierce 2013, 
Xiang et al. 2013).  
The function of RAB7 at the tissue and organ levels still remains as an open 
question, and comparison of the RAB7 function with the RAB5 function described in 
Chapter 1 would be helpful to understand the higher-order functions of common and 
unique trafficking pathways, which plants have acquired through evolution. 
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